Abstract The nanocrystalline BaFe 12 O 19 powders were obtained from citrate sol-gel combustion-derived powder upon annealing at 800-1100°C, and explored their structural, micro-structural, optical and magnetic properties. The thermal decomposition of citrate sol-gel combustion product was verified by means of thermogravimetric and differential thermal analysis. Structural identification of the citrate sol-gel combustion powder and annealed samples were investigated by powder X-ray diffraction. Though the combustion product exhibits cubic spinel phase material, the annealed powder yields good quality nanocrystalline hexagonal BaFe 12 
Introduction
Barium hexa-ferrite, BaFe 12 O 19 is a permanent magnetic material which has extensively used in many interesting magnetic device applications (Durmus et al. 2011; Shang et al. 2007; Vinod et al. 2011) due to its high chemical stability, corrosion resistivity, low cost, high resistivity, superior and anti-erosion properties and mechanical hardness. For the application of the material in different fields, the material has to be synthesized in pure form, and subsequently well characterized by different techniques. For example, different preparation techniques, such as solid state reaction (Qiu et al. 2005) , mechanothermal , molten salt method (Topal et al. 2007 ), co-precipitation method (Radwan et al. 2007) , citrate sol-gel (Mali and Ataie 2005) , hydrothermal method (Wang et al. 2004 ) and reverse micelle technique (Xu et al. 2008 ) have been followed to design and develop the micro and nanoscale BaFe 12 O 19 materials. Among these different methods, we have selected citrate sol-gel method as it has many advantages which include relatively simple, cost effective and independence of the processing parameters, etc. (Mali and Ataie 2005) . Hitherto there have been several investigations reported for the citrate sol-gel processed BaFe 12 O 19 materials (Durmus et al. 2011; Mali and Ataie 2005; Birsoza et al. 2010; Xu et al. 2006; Sozeri et al. 2012; Mali and Ataie 2004; Qiu and Gu 2006) . To obtain the BaFe 12 O 19 materials, different molar ratio of Ba:Fe:citricacid have been adopted (Durmus et al. 2011; Xu et al. 2006; Mali and Ataie 2004; Chen et al. 2012; Ting and Wu 2010; Mali and Ataie 2005) . According to the previous reports, the sol-gel processed materials are characterized by X-ray diffraction (Murthy et al. 2012; Liu and Xiang 2010; Song et al. 2010; Ping et al. 2008; Ebrahimi et al. 2012) , thermal gravimetric analysis (Yu and Huang 2003; Yu and Liu 2006) , Fouriertransform infrared, scanning electron microscope (Liu and Xiang 2010; Song et al. 2010; Ebrahimi et al. 2012) , transmission electron microscope (Murthy et al. 2012) , magnetometer (Durmus et al. 2011; Mali and Ataie 2005; Birsoza et al. 2010; Xu et al. 2006; Sozeri et al. 2012; Mali and Ataie 2004; Qiu and Gu 2006) for quality, phase formation, thermal decomposition, surface morphology, and magnetic property of the synthesized BaFe 12 O 19 materials. From our recent near infrared (NIR) reflectivity study , the BaFe 12 O 19 material obtained by mechano-thermal process has been identified as NIR reflective color pigment due to its high NIR reflectivity in the region of wavelength 1750-2000 nm. Subsequent to our recent study, in the present work we have explored the detailed studies on the synthesis and characterization of citrate sol-gel derived BaFe 12 O 19 materials by powder XRD, TG-DTA, FT-IR, NIR, PL, HRSEM-EDX, and vibrating sample magnetometer.
Experimental Materials preparation
The nanocrystalline BaFe 12 O 19 powders were prepared by citrate sol-gel auto combustion method using Ba(NO 3 ) 2 , Fe(NO 3 ) 3 .9H 2 O and citric acid as precursors in the molar ratio of 1:12:13. The appropriate amount of commercially available Ba(NO 3 ) 2 (1 g) and Fe(NO 3 ) 3 .9H 2 O (18.5436 g) were first dissolved in minimum quantity (20 ml) of deionized water in separate borosil glass beaker. The pH of the solutions of Ba(NO 3 ) 2 and Fe(NO 3 ) 3 .9H 2 O were 6 and 1, respectively. Then, 10.4531 g of citric acid was dissolved in deionized water and its pH value noted as 2. Then, both nitrate solutions were mixed together and stirred well using a magnetic stirrer at 300 rpm for 15 min. After mixing, the citric acid solution was added dropwise in the nitrate solution and stirred well for 30 min which resulted in a deep red solution with a pH value of 2. The ammonia solution was added dropwise to the above solution to adjust the pH value to 7. The resulting solution was stirred for 30 min at *75°C in a magnetic stirrer and continued the heating in a heating mantle until it gets ignited. The temperature was monitored using the thermometer. Time variation and temperature were noted during gel formation, fuming, ignition and combustion processes. Gel formed at *150°C and ignition started at *170°C. Reddish yellow combustion flame was appeared inside the beaker when the temperature reached about 190°C. After completion of combustion above *360°C, the ash color powder was obtained. The final citrate combustion product was collected from the beaker, and subsequently annealed at 800, 900, 1000 and 1100°C for 2 h in a in a groove rolled muffle furnace. After completion of annealing, the furnace was cooled to room temperature.
Materials characterization
The quality and phases of present samples were examined by means of powder X-ray diffraction (Bruker, D8 Advanced) method using Cu K a radiation (k = 1.54156 Ǻ ) at room temperature. The XRD raw data were analyzed with the JANA2006 software (Petricek et al. 2006) , from which the cell parameters were calculated by the leastsquare method. The thermal decomposition of the combustion product was traced by thermal gravimetric and differential thermal analyses in air atmosphere from room temperature to 1000°C in a thermal analysis system (TG/ DTA6300 module EXSTAR series, Seiko Instruments Inc., Japan). The Fourier-transform infrared (FT-IR) spectra were recorded on a Perkin-Alpha optic instrument equipped with KBr beam splitter spectrometer at a resolution of 4 cm -1
. A very small amount of present series powder sample was mixed finely with little amount of KBr and pressed in a cylindrical (13 mm) die under three ton pressure to obtain a thin disk like pellet. The FT-IR spectra were recorded at ambient conditions in the wavelenumber range from 4000 to 400 cm -1 . The photoluminescence (PL) spectra of the annealed powder samples were performed in a spectrofluorometer (ELICO SL 174) using 150 Watt Xenon Arc lamp as the excitation light source. The near infrared (NIR) spectra of all the combustion product and annealed materials were performed in an NIR spectrophotometer (ELICO SL 153) using a quartz halogen lamp as the light source. The surface morphological images and the elements present in the selected BaFe 12 O 19 powder sample were analyzed by the field emission scanning electron microscope; FESEM (F E IQuanta FEG 200) attached with energy dispersive X-ray analyzer. The magnetic hysteresis curve of the selected BaFe 12 O 19 powder was measured by vibrating sample magnetometer (VSM) with a maximum applied field of 15 kOe at room temperature.
Results and discussion
Thermogravimetric analysis of citrate sol-gel combustion product
The combustion product obtained by citrate sol-gel method was studied by TG-DTA analysis and their respective TG and DTA curves are demonstrated in Fig. 1 . The weight loss of *1.6 % is seen in the TG curve from the initiation up to *400°C. This weight loss can be assigned for the liberation of the surface absorbed species of the as-prepared combustion product. Followed by about *2.8 % of weight loss is seen between *400 and *780°C. This weight loss may be related to the removal of residual volatile species present in the combustion product. No significant weight loss (*0.2 %) is observed between *780 and *850°C. Further no weight loss is noticed in the TG curve above 900°C, which is confirming the formation of main BaFe 12 O 19 phase material. The weight losses seen in the TGA curve concur with endothermic thermal events seen in the DTA curve at *375, *500 and *850°C. A small exothermic-like peak is observed at *850°C in DTA curve is due to the phase formation temperature of BaFe 12 O 19 materials (Vinod et al. 2011) .
Powder XRD structural analysis (Shang et al. 2007; Ataie 2004, 2005; Qiu and Gu 2006) . According to Mali and Ataie (2005) , the XRD pattern of their as-burnt powder indicates the presence of c-Fe 2 O 3 as a major phase and some other minor phases, namely a-Fe 2 O 3 , BaCO 3 , BaO 2 and BaFe 12 O 19 . At first sight we can say that the XRD pattern of our citrate sol-gel combustion product implies the formation of cubic spinel phase. Therefore, we tried to identify the formation of cubic spinel phase for the possible nominal composition BaFe 2 O 4 and Fe 3 O 4 from the XRD pattern of combustion product, though BaFe 2 O 4 is not reported as a cubic phase in literature. First, we tried to extract the lattice parameters for the composition, BaFe 2 O 4 for a cubic structure using space group, Fd-3m (227) with formula unit, Z = 8, taking MgFe 2 O 4 as standard cubic phase (Ohbayashi and Iida 1967) . All the reflections of combustion product match for the cubic spinel phase (for example, BaFe 2 O 4 ), except one strong impurity peak (2h = 23.94°). Using JANA 2006 software, the cubic lattice parameter, a = 0.835(1) nm is obtained which is in good agreement with the cubic spinel phase (Ohbayashi and Iida 1967) . While the BaFe 2 O 4 phase is reported (Candeia et al. 2007; Pawar and Pardeshi 2014) as an orthorhombic spinel like space group, Bb21m (36) with lattice parameters, a = 1.9042 nm, b = 0.53838 nm and (Chavan et al. 2016) . Further, we tried to find out the formation of cubic spinel Fe 3 O 4 phase from the XRD pattern of combustion product which exhibits a = 0.836(1) nm, is in good agreement with the cubic spinel (Fe 3 O 4 ) phase (see, Fig. 3b ). Therefore, we believe that our citrate sol-gel combustion product is crystallized mainly in cubic phase (with the nominal composition either BaFe 2 O 4 or Fe 3 O 4 ). But other possible phase cannot be completely ruled out as there is a signature for the growth of extra peaks (2h = 34.11°, 34.74°and 44.76°) and its intensities are close to the background level. As we are Topal et al. 2007; Radwan et al. 2007; Mali and Ataie 2005) we learnt that many reports suggest 1000°C is the ideal annealing temperature for the formation of phase pure BaFe 12 O 19 materials. The structural parameters, such as lattice parameter, cell volume, density, average crystalline size, dislocation density, lattice strain, micro strain and stacking fault of the present series samples are extracted from the structural refinement using the XRD data. The crystalline size (D) was extracted by the DebyeScherrer equation which is expressed as D = Kk/bcosh, where K = 0.9, k is the wavelength of X-ray radiation (Cu K a ) used for diffraction, b is the full width half maxima (FWHM), and h is the diffraction angle. The average crystalline size (D) is found in the range of 32-42 nm for the annealed samples (see Table 1 ). The value of D increases with increase of annealing temperature. The dislocation density, lattice strain, micro strain, and stacking fault for the present series samples are extracted from d = 1/D 2 (Sathyamoorthy et al. 2006; Sharma et al. 2011; Touati et al. 2014; Bindu and Thomas 2014) , e = b/ 4 9 tanh (Thool et al. 2014 ), e = b 9 cosh/4 (Sathyamoorthy et al. 2006; Sharma et al. 2011 ) and SF = 2p 2 /45H(3tanh) (Touati et al. 2014; Thool et al. 2014) , respectively, and their values are given in Table 1 . From Table 1 we notice that the dislocation density, lattice strain, micro strain, and stacking fault for the annealed samples decrease with the increase of annealing temperature.
HRSEM micrographs and EDX quantitative analysis of BaFe 12 O 19 nanomaterials
The surface morphology of the selected (annealed at 1000°C) good quality nanocrystalline BaFe 12 O 19 material was examined using HRSEM and EDX techniques. The different HRSEM images taken under different magnifications are presented in Fig. 4a-d . The lower magnification images (a, b) seem thin plate-like flakes morphology with random sizes with moderate agglomeration of nanoparticles. Under higher magnification, the micro images (c, d) also reveal the same features with the measured size of the range of 100-200 nm. Agglomeration seems unavoidable due to the magnetic interaction between the nanocrystalline BaFe 12 O 19 particles Sathyamoorthy et al. 2006) . In some cases, the micro image crystalline/grain sizes of samples are larger than the crystalline size estimated by XRD (Ebrahimi et al. 2012; Balamurugan and Melba 2015) . For example, the XRD crystalline size of present BaFe 12 O 19 nanomaterials is found to be *44 nm, whereas the HRSEM micrograph showed 100-200 nm. The inconsistency in crystalline sizes obtained from XRD and SEM/TEM is ascribed to the non-isometric shape of (Ebrahimi et al. 2012) , and 33 nm (Yu and Lin 2004) for the citrate sol-gel processed materials by different research groups. The literature survey on the morphological images we could see the wide range (30-500 nm and in somes *6 lm) of particle/grain sizes for the citrate solgel processed BaFe 12 O 19 materials. The particles in different shapes, namely spherical, polygonic, plate-like shape with random orientation, hexagonal, small elongated, polyhedrons with clear cut boundaries, hollow spherical, flaky are reported for the BaFe 12 O 19 materials. Though agglomeration of nanoparticles appears unavoidable in most of the combustion derived nanocrystalline materials, it is possible to prevent the agglomeration by surface functionalization of the nano ferrites with various types of organic ligands for example polymers, proteins, pepetides and small organic molecules (Durmus et al. 2011; Birsoza et al. 2010; Ting and Wu 2010) . In the present citrate sol-gel synthesis, citric acid acts as fuel to complete the combustion reaction. By modifying the synthesis condition, the surface functionalization of nano hexa-ferrites with the organic ligands is possible to prevent the agglomeration (Durmus et al. 2011; ). However, this should be confirmed by conducting further experiments. The surface morphology of the hybrid hexaferrite materials should be evaluated by comparing of hexa ferrite material before and after the functionalization.
The energy dispersive X-ray (EDX) analysis was performed on the present surfaces of thin plate-like flakes materials to examine the presence of elemental composition and the EDX spectrum is displayed in Fig. 5 . The EDX spectrum reveals the presence of Ba, Fe, and O elements in the BaFe 12 O 19 materials at the correct proportion without any impurity phases. The extracted EDX quantitative data are given in the Table 2 . The appearance of carbon (C) peak is owing to the carbon grid used as a sample holder.
FT-IR spectra of present series samples Figure 6 exhibits the FT-IR spectra taken in the wavenumber range of 4000-400 cm -1 for the combustion product and annealed (800, 900, 1000, and 1100°C) materials. The FT-IR spectra of all the present samples show two IR characteristics bands between 420 and 600 cm -1 which are attributed to the Fe-O stretching vibration of ferrite materials Parkin et al. 2001) . Further few additional FT-IR bands are seen between 1000 and 4000 cm -1 in all the present samples due to the stretching vibrations of atmospheric species (H 2 O/OH and CO 3 2-) adsorbed on the surface of the materials Hong et al. 2004 ; Qiu et al. 2005). A minor broad IR bandseen at *3480 cm -1 in all the samples is due to O-H stretching band of H 2 O . The IR bands seen at *1640 and *1452 cm -1 for all samples can be indexed for the anti symmetrical and symmetrical stretching vibrations of carbonate species (Hong et al. 2004 ). The band lying from 1380 to 1400 cm -1 corresponds to the antisymmetrical and symmetrical stretching vibrations of COO - .
PL emission spectra of BaFe 12 O 19 materials
The room temperature PL emission spectra of different annealed (at different temperatures such as 800, 900, 1000, and 1100°C) BaFe 12 O 19 materials are presented in Fig. 7 . The PL emission spectra are taken under the excitation wavelength, k ex = 270 nm for all annealed samples. The PL emission spectrum of BaFe 12 O 19 material exhibits a broad emission peak at *360 nm. Similar to the present BaFe 12 O 19 , the BaFe 12 O 19 material prepared by co-precipitation method has also shown a PL emission peak at *360 nm under excitation wavelengths of 270 nm (Balamurugan and Resmi 2015) . The fluorescence intensity increases upon annealing the combustion product at 900°C, and then decreases significantly with increasing annealing temperature to 1100°C.
NIR spectra of BaFe 12 O 19 materials
The NIR spectra measured in the spectral region, 1500-2500 nm for the combustion product as well as different annealed BaFe 12 O 19 materials are shown in Fig. 8a -e. From this figure we notice that the annealed hexagonal BaFe 12 O 19 phase materials reveal high (85-110 %) NIR relative reflectivity at *1750 nm, whereas the combustion product shows *28 % NIR relative reflectivity in the wavelength range, 1500-2500 nm. Among the different annealed samples, the BaFe 12 O 19 material obtained after annealing at 800°C shows higher (*110 %) NIR relative reflectance than other annealed samples. Though annealing yielded single phase of BaFe 12 O 19 , it suppressed the NIR reflectivity of the annealed materials which may be due to the increase in the crystalline size of the annealed samples. The visual appearance (dark brown color) of the present series samples are shown in Fig. 9a -e. From this we could see no significant variation in color of the present pigments. It is important to note that the NIR relative reflectivity of the nanocrystalline BaFe 12 O 19 materials obtained by citrate solgel synthesis method is higher than the nanocrystalline BaFe 12 O 19 materials obtained by mechano-thermal (Qiu et al. 2005 ) and co-precipitation method (Balamurugan and Resmi 2015) . The present dark brown colored BaFe 12 O 19 materials can be applied as ceramic color pigment which includes several applications.
Like the present hexa-ferrite, BaFe 12 O 19 materials, there are several spinel ferrites and other ferrites are also found to use as NIR pigment (Candeia et al. 2007; Chaudhry et al. 2015; Benda and Kalendová 2013; Costa et al. 2008; Opuchovic et al. 2015; Liu et al. 2015) . As the NIR pigment has found potential applications in solar reflective and color pigment, currently the research is focused to identify the different novel pigments. Our recent article summarizes the literature survey on the NIR reflectivity of some binary oxides and complex oxide systems (Balamurugan et al. 2016) . Generally, binary oxides show high NIR reflectivity in the NIR region. However, some complex oxide systems (Balamurugan et al. 2016 ) also show high NIR reflectivity. Due to the impact of citrate sol-gel synthesis method, the present hexa-ferrite BaFe 12 O 19 materials have also competent to binary oxides to show high NIR reflectivity.
Magnetic properties of nanocrystalline BaFe 12 O 19 material
The magnetic hysteresis loop (M-H) for the selected (1000°C) BaFe 12 O 19 sample was recorded at room temperature with increasing magnetic fields up to ±15 kOe; -15 kOe B H B 15 kOe. The M-H curve is depicted in Fig. 10 (Durmus et al. 2011; Shang et al. 2007; Vinod et al. 2011; Mali and Ataie 2005; Birsoza et al. 2010; Xu et al. 2006; Sozeri et al. 2012; Mali and Ataie 2004; Qiu and Gu 2006; Parkin et al. 2001; Hong et al. 2004; Rafique et al. 2013; Castro et al. 1997; Ounnunkad and Winotai 2006) . The ratio M r /M s of the present BaFe 12 O 19 sample is found to be 0.543 which is comparable to the reported values (Shang et al. 2007; Birsoza et al. 2010) . The wasp-waist-like shape of the hysteresis loop reveals that the major BaFe 12 O 19 phase may contains trace amount of magnetic impurity (a-or cFe 2 O 3 ) phase that cannot be detected by the limit of XRD technique. Such a wasp-waist-like shape of the hysteresis loop was reported in the literature for the BaFe 12 O 19 phase (Mali and Ataie 2005; Wang et al. 2007) . Table 3 summarizes the room temperature magnetic properties of the hexagonal BaFe 12 O 19 phase materials obtained by sol-gel combustion methods (Durmus et al. 2011; Shang et al. 2007; Vinod et al. 2011; Ataie 2004, 2005; Birsoza et al. 2010; Xu et al. 2006; Sozeri et al. 2012; Qiu and Gu 2006; Parkin et al. 2001; Hong et al. 2004; Rafique et al. 2013; Castro et al. 1997; Ounnunkad and Winotai 2006) . From this The main magnetic characteristics should be due to the high purity (1 % of impurities), the good crystalline state, and the small homogeneous size of the particles Castro et al.
---2-5 kOe The increase in coercivity is due to finer grains Ounnunkad and Winotai (2006) DTA thermograms (Fig. 1 ) of our citrate sol-gel synthesized combustion product are rather different from the literature reports (Durmus et al. 2011; Vinod et al. 2011; Ataie 2004, 2005; Song et al. 2010) as it shows the plausible formation of cubic phase which is confirmed by XRD analysis (Fig. 3) .
Conclusion
The 
